Lysosomes are acidic compartments filled with more than 60 different types of hydrolases. They mediate the degradation of extracellular particles from endocytosis and of intracellular components from autophagy. The digested products are transported out of the lysosome via specific catabolite exporters or via vesicular membrane trafficking. Lysosomes also contain more than 50 membrane proteins and are equipped with the machinery to sense nutrient availability, which determines the distribution, number, size, and activity of lysosomes to control the specificity of cargo flux and timing (the initiation and termination) of degradation. Defects in degradation, export, or trafficking result in lysosomal dysfunction and lysosomal storage diseases (LSDs). Lysosomal channels and transporters mediate ion flux across perimeter membranes to regulate lysosomal ion homeostasis, membrane potential, catabolite export, membrane trafficking, and nutrient sensing. Dysregulation of lysosomal channels underlies the pathogenesis of many LSDs and possibly that of metabolic and common neurodegenerative diseases. 
INTRODUCTION: LYSOSOMES AS THE CENTER FOR NUTRIENT SENSING AND RECYCLING
Lysosomes are the cell's degradation center and are primarily responsible for the breakdown of proteins, polysaccharides, and complex lipids into their respective building-block molecules: amino acids (AAs), monosaccharides, and free fatty acids (1, 2) . Lysosomes are filled with more than 60 different types of hydrolases: lipases, proteases, and glycosidases for catabolic degradation (3) . The products of degradation, lysosomal catabolites, are transported out of lysosomes via specific exporters in the limited membrane (4) or via vesicular membrane trafficking for energy homeostasis or reutilization in biosynthetic pathways (5) .
Lysosome-mediated catabolic degradation is an adaptive process regulated by nutrient status and cellular signaling (6) . Lysosomes receive extracellular or cell surface cargos via endocytosis and receive intracellular components via autophagy (1) . Whereas increases in the endocytic and autophagic fluxes stimulate lysosomal degradation (2, 3) , accumulation of catabolites, e.g., AAs, in the lysosome terminates the degradation and autophagic flux (7, 8) . To adapt to the changing cellular environment, lysosomes contain nutrient-sensing machinery that consists of mechanistic/mammalian target of rapamycin (mTOR), the master regulator of growth, and its associated proteins (6, 9, 10) . Nutrient starvation not only inhibits mTOR-mediated growth, but also increases autophagosome (AP) formation (7) . Furthermore, it activates TFEB, the lysosomal biogenesis transcription factor, to facilitate lysosomal degradation by increasing lysosomal function (acidification and delivery of hydrolases) and trafficking (AP-lysosome fusion) (6, 11) .
Lysosomal adaptation to nutrient availability requires coordinated changes of multiple lysosomal parameters: distribution, number, and size (7, 11, 12) . In fed cells, lysosomes are heterogeneous in size (100-500 nm in diameter), morphology, and distribution (13) . There are normally several hundred lysosomes in each mammalian cell. Upon nutrient starvation, lysosomal number is dramatically reduced to <50 per cell, and the size of the lysosome is increased to 500-1,500 nm as a result of membrane fusion (7, 14) . In addition, lysosomes are redistributed to the perinuclear region, where AP-lysosome fusion primarily takes place (12) . After prolonged starvation, the completion of autophagy triggers lysosomal reformation or biogenesis to restore lysosomal quantity (7) .
Lysosomal ion channels and transporters play essential roles in regulating lysosomal homeostasis. First, lysosomal function requires the maintenance of the lumen homeostasis, especially ionic homeostasis and membrane potential ( ψ, defined as V cytosol − V lumen ; V lumen is set to 0 mV) (3) . For example, most lysosomal hydrolases require an acidic lumen to function (13) . H + pumping for lysosomal acidification is also dependent on lysosomal ψ, which is estimated to be approximately −20 to −40 mV (that is, 20 to 40 mV more negative in the cytosol than in the lumen) (15, 16, 17, 18) , as well as on the efflux of countercations and influx of counteranions (16, 17) . Notably, due to the high density of various ion cotransporters and exchangers in the small-sized vesicles (18) , an increase in the permeability of one ion may alter the concentration gradients of other ions, hence indirectly affecting ion homeostasis. Second, many catabolite exporters are sensitive to lysosomal ψ (19) (20) (21) . Third, lysosomal trafficking is regulated by H + homeostasis (22) , ψ (23), or Ca 2+ (24) . Although H + flux and ψ may also indirectly affect lysosomal Ca 2+ release (25) , Ca 2+ regulates most steps in lysosomal trafficking, including fusion of lysosomes with APs and late endosomes (LEs) (2, 26) . LE-lysosome fusion mediates the delivery of most hydrolases to the lysosome (5) .
Defective degradation, catabolite export, or trafficking leads to lysosomal dysfunction and lysosomal storage diseases (LSDs). Lysosomal channels directly or indirectly regulate all these processes. Indeed, impaired function of lysosomal channels underlies multiple LSDs (22, 24, 27) .
LYSOSOMAL ION HOMEOSTASIS
Lysosomal degradation and the precise delivery of both hydrolases and cargos require the establishment of luminal ionic homeostasis, ionic gradients across the membrane, and ψ. In addition, lysosomal ion homeostasis is also required for the timely removal of the digested products and for the functionality of catabolite exporters. Below we discuss individual ions in the lumen. Given the size of the lysosome, however, the luminal concentrations of one ion must be viewed in the context of other ions and ion-dependent channels/transporters. In addition, lysosomal fusion events, especially the fusion of cytosol-derived, K + -loaded APs and Na + -loaded lysosomes (23) , may rapidly change the ionic composition of the resulting organelle.
pH. The functions of most lysosomal hydrolases require an acidic (pH lumen ∼ 4.6) lumen; V-ATPase establishes and maintains this pH (13) . ClC transporters and Na + /K + channels/transporters contribute to acidification by providing counterions (17, 22, 28) . In addition to assisting hydrolases, the established 100-1,000-fold H + gradient is also important for lysosomal trafficking, ψ generation, and content condensation during membrane fission (2, 18) . For example, the V-ATPase inhibitor Bafilomycin-A1 is commonly used to block AP-lysosome fusion (11) . Furthermore, the H + gradient provides the driving force for many catabolite exporters (4). Finally, V-ATPase is essential for the lysosome to sense luminal AA level (10) . (18, 29) , which is determined by the membrane's permeability to each ion and the concentrations of the ions in the lumen and in the cytosol. ψ is a critical determinant of the lysosomal acidification rate (17) .
Ca
2+ . Ca 2+ efflux from endosomes and lysosomes is thought to be important for signal transduction, organelle homeostasis, and organelle acidification (2, 18, 25, 30 (18) . In cellfree vesicle fusion assays, LE-lysosome fusion is inhibited by the Ca 2+ chelator BAPTA, but not by EGTA (2, 33) . Although both BAPTA and EGTA have a high binding affinity for Ca 2+ , BAPTA binds to Ca 2+ approximately 100 times faster than EGTA does (25) . Therefore, such distinct BAPTA-versus-EGTA sensitivity suggests that the source of Ca 2+ must be very close to the fusion spot (25) . In other words, lysosomes most likely provide the Ca 2+ required for lysosomal fusion (25, 33) . Interestingly, preloading cells with a membrane-permeable ester form of BAPTA (BAPTA-AM) blocks lysosomal exocytosis (34) . Collectively, lysosomes may provide Ca 2+ for membrane fusion between lysosomes and other compartments, including LEs and the plasma membrane.
The existence of multiple Ca 2+ sensors may allow lysosomal Ca 2+ release to regulate distinct steps of lysosomal trafficking. For lysosomal exocytosis, the C2 domain-containing synaptotagmin VII is likely the sensor (35) . For LE-lysosome fusion, the candidate sensors include calmodulin (33) and ALG-2, a lysosome-targeted EF-hand protein (36) . Ca 2+ -bound sensors may increase their association with preassembled SNARE complexes to facilitate lipid bilayer mixing (37 (38, 39) . Lysosomal export of Fe 2+ and Zn 2+ ions provides the cell with these trace metals as needed (38, 39) . Whereas lysosomal Fe 2+ is required for the Fenton reaction and for ROS production, as well as for the survival of lysosome-resident pathogens (38, 39) , lysosomal Zn 2+ may be required for the activity of hydrolases such as acid sphingomyelinases (aSMases) (40) . In addition, high lysosomal Zn 2+ inhibits cathepsin activity (41) . Whether heavy metal release regulates signal transduction or lysosomal trafficking remains unclear.
Cl
− .
[Cl − ] lumen , estimated to be higher than 80 mM (22), may affect the function of catabolite exporters, as shown for many plasma membrane transporters (42) . [Cl − ] influx regulates endosomal Ca 2+ release (43) and is required for lysosomal acidification by providing counterions for H + pumping (17, 22) , as recently reviewed in this journal (22, 28) .
LYSOSOMAL FUNCTION Lysosomal Trafficking
Lysosomal function and trafficking (fusion and fission) are interconnected. Lysosomal trafficking supplies autophagic and endocytic substrates for degradation and hydrolases for lysosomal activation. In addition, lysosomal trafficking exports lipid catabolites and regulates the consumption and biogenesis of lysosomes during lysosomal adaptation.
Input: endocytosis and autophagy. The biomaterials destined for degradation are delivered to lysosomes through endocytic/phagocytic and autophagic pathways (Figure 1) . Endocytosis or phagocytosis of extracellular or cell surface cargo begins with the fission of the plasma membrane to form endocytic vesicles, which then undergo a series of maturation processes to become early endosomes and then LEs (reviewed in Reference 1) (Figure 1) . In LEs, the destined-to-bedegraded endocytic cargos are sorted into intraluminal vesicles (1) . Mature LEs, also termed multivesicular bodies, fuse with lysosomes to become endolysosome (EL) hybrids to mediate the bulk of the degradation (Figure 1 ). In addition, LE-lysosome fusion also delivers trans-Golgi network (TGN)-derived hydrolases for lysosomal function (5). In a parallel pathway, worn-out intracellular organelles and protein aggregates are delivered to lysosomes through autophagy (Figure 1) . APs fuse directly, or indirectly through LEs, with lysosomes to form autolysosomes (ALs) (44, 45) in which the autophagic substrates are broken down (Figure 1) . Although lysosomes receive cargo from both autophagic and endocytic pathways, there are no clear boundaries between ALs and EL hybrids (Figure 1) , as APs may merge directly with LEs or even with early endosomes (46) . Output: reformation, retrograde trafficking, and exocytosis. There are at least three distinct output pathways in lysosomal trafficking. The best-understood example is exocytosis of lysosomal contents, i.e., lysosomal exocytosis, which is present in all cell types (47, 48) . Upon stimulation, kinesin-associated lysosomes translocate from the perinuclear region to the plasma membrane along microtubules (12, 14, 48, 49) . After docking, vesicle-associated membrane protein 7 (VAMP7), which is located on the lysosomal surface, forms a trans-SNARE complex with syntaxin-4 and SNAP23 on the plasma membrane (47, 50) . Upon localized Ca 2+ increase, lysosomes fuse directly with the plasma membrane (48) , which can be monitored by measuring Lamp1 surface staining (Figure 1) , by measuring lysosomal enzyme release, or by using an electrophysiologybased exocytosis assay (34, 47) .
There are at least two membrane fission-based events in the lysosome. First, retrograde trafficking transports the free insoluble lipids out of late endosomes and lysosomes (LELs) to the TGN (Figure 1 ) for reutilization in biosynthetic pathways (5) . Additionally, retrograde trafficking recycles the mannose-6-P receptor, which is required for TGN-to-LEL delivery of hydrolases (5) . Second, lysosomal reformation from the ALs (7) or EL hybrids (2) is essential for lysosomal biogenesis and homeostasis (Figure 1) . Upon mTOR reactivation after prolonged starvation, ALs undergo extensive tubulation (7) . Lysosomes are then regenerated from these lysosomal tubules via a poorly understood fission-based budding-off mechanism (7).
Catabolite Exporters
Insoluble lipid catabolites can be transported through vesicular trafficking. In contrast, soluble catabolites-for example, carbohydrates and AAs-are exported to the cytosol by specific transporters on the perimeter membrane (4, 51) (see Figure 2) . Amino acid exporters. Only a few lysosomal AA transporters have been identified. Cystinosin/CTNS is a lysosomal, H + -driven cysteine transporter (52) . Mutations in CTNS cause abnormal accumulation of the AA cysteine (cystinosis) and secondary lysosomal storage (52) . PQLC2/LAAT-1 is a lysosomal, H + -dependent arginine/lysine exporter (21) . Caenorhabditis elegans lacking LAAT-1 exhibit accumulation of arginine and lysine in enlarged lysosomes (53) . Proton-assisted AA transporter 1 (PAT1)/SLC36A1, an intestinal AA transporter, is also localized in the lysosome and regulates AA export and sensing (54) .
Sugar exporters. Sialin/SLC17A5, which is encoded by a gene that is mutated in sialic acid storage disorders, is a lysosomal, H + -dependent exporter of sialic acids and acidic monosaccharides (4). Drosophila Spinster proteins are presumed to transport sugars that are produced upon lysosomal degradation of glycolipids, glycoproteins, or autophagocytosed glycogens (8) . Cells lacking Spinster exhibit lysosomal dysfunction and storage (8) . 
Δψ

Figure 2
Ion channels and transporters in the lysosome. (a) An illustration of a whole-lysosome patch-clamp recording (23, 55) . TRPML1 denotes mucolipin TRP channel 1. The right panel was modified from Reference 55 with permission. (b) (Right) The lysosome is an acidic compartment with relatively high [Ca 2+ ]. These gradients are established by V-ATPases and putative Ca 2+ transporters. The lysosomal membrane potential ( ψ) is cytosolic-side negative, with ψ ranging from −40 to −20 mV. The products of lysosomal degradation, such as amino acids (AAs), sugars, and lipids, are transported out of the lysosome via specific exporters. Among the conductances that have been identified, two-pore channels (TPCs) encode I Na , and TRPMLs encode I Ca and I Fe ; ClC-7 is presumed to encode I Cl . Several other conductances, such as I H and I K , have been electrophysiologically but not molecularly characterized. (Left) I-ψ curves of four lysosomal channels or currents (TPCs, TRPMLs, I Cl , and I K ) are shown. (38) . During mitophagy or degradation of the iron storage protein ferritin, Fe 3+ is dissociated and subsequently reduced to Fe 2+ (38, 39) . DMT1 and NRAPM1 are lysosomal Fe 2+ exporters in specialized cell types (39) . The ubiquitously expressed mucolipin TRP channel 1 (TRPML1), the principal Ca 2+ channel in the lysosome, also conducts Fe 2+ as well as Zn 2+ and other heavy metal ions (55) . Loss of TRPML1 results in lysosomal Fe 2+ (38, 39, 55) and Zn 2+ (56, 57) overload.
Lipid exporters. Unlike other complex lipids in intraluminal vesicles, cholesterol is not degraded by lysosomal hydrolases but is sorted and presumably exported via the cholesterol transporter NPC1 (58) . Mutations in NPC1 lead to lysosomal accumulation of cholesterol and sphingolipids, resulting in an LSD termed Niemann-Pick type C (NPC) (31, 58) .
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Lysosomal Storage Diseases: Defects in Degradation, Export, or Trafficking
Abnormal accumulation of lysosomal materials causes more than 50 rare, inherited metabolic disorders in humans, collectively termed LSDs (59) . Most LSDs are caused by mutations in lysosomal hydrolases (60) . However, defective catabolite export and membrane trafficking may also lead to traffic jams and to secondary storage in the lysosome (61) . Furthermore, primary accumulation of undigested, insoluble lipids may also slow down membrane trafficking and sorting, thereby affecting the delivery of lysosomal hydrolases (2, 61) . Hence, problems in degradation, export, or trafficking negatively affect each other to cause lysosomal dysfunction and storage. Mutations in lysosomal channels and transporters lead to defective ion homeostasis, which in turn impairs lysosomal trafficking and degradation to result in LSDs (22, 28, 31) . Progressive accumulation of undigested materials leads to build-up of enlarged (>1,000-nm), dysfunctional lysosomes (62) . Increases in both vesicular content and osmolarity may cause vesicle enlargement. First, an increase in trafficking input or a decrease in trafficking output may also result in vesicle enlargement. Second, increased lysosomal osmolarity causes water influx to mechanically expand the vesicle (14) . In normal physiology, a change in nutrient or cellular status results in a transient increase followed by a decrease in lysosomal size due to membrane fusion and subsequent fission events (7) . Hence, large (>500-nm), Lamp1-positive compartments, i.e., ELs and ALs, are transient organelles or secondary lysosomes that, upon completion of lysosomal degradation, return to normal small-sized primary lysosomes via lysosomal reformation (2, 7). However, in LSDs, when lysosomal reformation or AP-lysosome fusion is defective, EL/AL life span increases. Subsequently, secondary lysosomes, i.e., ELs/ALs, are filled with incompletely digested materials, which further enlarges ELs/ALs to >1,000 nm. This enlargement in turn causes further impairment in the equilibrium between input and output. Hence, the enlarged, dysfunctional lysosomes seen in LSDs are prolonged ELs/ALs. In essence, LSDs are caused by an escalating disequilibrium that results in endocytic and autophagic block or arrest (44) .
With the presence of many degradation-defective, enlarged ELs/ALs, the total number of lysosomes (estimated by the number of Lamp1-positive vesicles) may not be reduced in LSDs. However, the overall lysosomal function within a cell is compromised, leading to a deficiency of building-block precursors for biosynthetic pathways and to cellular starvation (60) . In an attempt to compensate for the reduced degradative capacity, most cells in LSD maladaptively increase basal autophagy and the expression levels of housekeeping lysosomal proteins such as Lamp1 (44, 63) . These compensatory changes may enable LSD cells to survive under normal conditions.
Lysosomes as Energy and Nutrient Sensors
In addition to the lysosome's long-recognized function as a recycling center for nutrient generation, lysosomal membranes were also recently found to directly monitor intracellular energy and extracellular nutrient status (29, 64) . Lysosomes fulfill two central functions in energy and nutrient sensing. First, these organelles provide a physical platform for several of the most important nutrient-sensitive signaling molecules, such as mTOR and TFEB (6, 65) . In response to changes in nutrient status, these proteins move onto the lysosomal surface, where they can be modified. Intriguingly, most of their known downstream targets are not lysosome associated. For example, the targets of TFEB are in nuclei, and those of mTOR are largely cytosolic. That the surface of the lysosome is the focal point for nutrient sensors may be related to its relative mobility within cells. In addition, there may be advantages of stationing sensors around vacuoles that produce and export recycled nutrients. For example, mTOR senses AA contents both outside and within the organelle (10, 66). Second, in a manner similar to that of plasma membranes that sense ATP with an ATP-sensitive K + channel (K ATP ), lysosomal membranes also sense [ATP] with ATP-sensitive Na + channels (29, 64) . In addition, the Na + channels' ATP sensitivity is highly sensitive to extracellular nutrients, linking energy and nutrient status to lysosomal ψ.
LYSOSOMAL ION CHANNELS AND CONDUCTANCES
Ion channels and transporters in the lysosome provide the ionic environment necessary for degradation, pathways for export, and signals for lysosomal trafficking. Mutations of the few known lysosomal channel or transporter genes cause LSDs in humans or LSD-like phenotypes in mice (22, 67) . The lysosome requires H + and Fe 2+ channels/transporters to establish the ionic environment for proper oxidative and lytic function. As H + and Ca 2+ ions are 1,000-5,000 times more concentrated in the lysosomal lumen than in the cytosol, the pathways for H + and Ca 2+ flux, i.e., Ca 2+ -and H + -permeant channels, must be tightly regulated. Lysosomal ionic conductances have been studied by using ionic fluxes; single-channel recordings with purified proteins reconstituted in lipid bilayers; and, more recently, whole-lysosomal recordings from artificially enlarged lysosomes (18, 23, 55, 68 (72) . ClC-7, coexpressed on the plasma membrane with Ostm1 in HEK293 cells, generates an outwardly rectifying Cl − conductance that activates much more slowly than the native, lysosomal membrane-associated Cl − conductance (17, 64, 73) . Further recordings from ClC-7/Ostm1-expressing lysosomes and from ClC-7/Ostm1 knockout lysosomes are required to determine whether ClC-7 indeed encodes the native Cl − conductance. Na + conductances. Like plasma membranes of excitable cells (74) , the lysosome's relative permeability to Na + and K + (P Na /P K ) changes markedly (by ∼30-fold) depending on recording conditions (64) . Both PI(3,5)P 2 -dependent I Na (23) and PI(3,5)P 2 -insensitive I Na can be measured (X. Zhang & H. Xu, unpublished data). In the presence of PI(3,5)P 2 , two major Na + conductances have been recorded (23, 29, 64) ; in most mammalian lysosomes, there is a voltage-independent Na + conductance, but in a subset of kidney and cardiac lysosomes, there is also a voltage-activated
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Na + conductance (lysoNa V ). TPC2 forms the voltage-independent Na + conductance, whereas TPC1 is responsible for lysoNa V (see below) (64) .
Ca
2+ conductances. Ca 2+ -permeant, nonselective cation channels have been recorded in the lysosomes of most mammalian cell types, including fibroblasts, macrophages, pancreatic cells, and skeletal muscle cells (23, 24, 34, 68 (18) . TPC overexpression in lysosomes increases NAADP-sensitive lysosomal Ca 2+ release. NAADPactivated cation channels have been recorded from TPC2-overexpressing lysosomes in several reports (76) (77) (78) .
In summary, major ionic conductances have now been recorded from whole lysosomes (Figure 2) . Because I Na , I Ca , I Fe , and I Cl have been functionally characterized and molecularly identified, their physiological functions have been studied by using both in vitro and in vivo assays. Significantly, molecular and genetic studies have provided definitive evidence for the existence of these conductances, confirming their previously proposed cell biological functions. The ClC family of H + /Cl − exchangers likely responsible for lysosomal Cl − conductances was recently reviewed (17, 22) . Below, we focus on the TRPML and TPC families.
TRPML CHANNELS
As the principal Ca 2+ release channel in the lysosome, TRPML1 is a key regulator of most lysosomal trafficking processes (26, 79) . Whereas human mutations of TRPML1 cause type IV mucolipidosis (ML-IV) (80, 81) and inhibiting TRPML1 leads to several other LSDs (24), TFEB overexpression (82) can induce cellular clearance (of lysosomal storage materials) in most LSDs, except ML-IV (49), highlighting TRPML1's unique role in basic cell biology.
An LEL-Localized TRP Channel
The mucolipin subfamily of TRP channels (TRPML1-3), like other TRPs, consists of six putative transmembrane (TM)-spanning domains (S1-S6), with the N and C termini facing the cytosol (79) . The channel pore of TRPML1 is formed by the pore-loop region between the S5 and S6 domains, which are presumed to form the channel gate (79) . Whereas TRPML1 is ubiquitously expressed in every tissue and cell type, TRPML2 and TRPML3 are expressed only in special cell types (79, 83) .
TRPML1-3 channels are predominantly (>75%) localized on LEL membranes, but heterologously expressed TRPML1 proteins are also detected in the early endosomes and plasma membranes (79, 83) . Two dileucine motifs located separately in the N-and C-cytosolic tails are responsible for the LEL localization through a direct, AP1/3-dependent, TGN-LEL trafficking pathway and through an indirect, AP2-dependent, TGN-plasma membrane-LEL pathway (84) (85) (86) . Mutations of both dileucine motifs result in significant TRPML1 surface expression (87 
PI(3,5)P 2 Activation
Phosphoinositides are important regulators of membrane trafficking (89) . Among them, PI(3)P and PI(3,5)P 2 are localized on endosomes and lysosomes (90) . Lysosomal trafficking is regulated by PI(3,5)P 2 , whose synthesis requires the endosome-localized kinase PIKfyve in association with the FIG4 lipid phosphatase and scaffolding Vac14 proteins (90) . PI(3,5)P 2 not only recruits a variety of cytoplasmic effector proteins to facilitate lysosomal trafficking (90) , but also regulates the activity of lysosomal channels and transporters (90); such effects are similar to the effects of PI(4,5)P 2 on plasma membrane channels (91) . Indeed, PI(3,5)P 2 activates whole-lysosome I TRPML1 in a physiologically relevant low-nanomolar range (68) . TRPML1 contains a cluster of positively charged AA residues that bind directly to PI(3,5)P 2 in in vitro protein/lipid-binding assays (68) . Charge removal mutations abolished PI(3,5)P 2 activation and, importantly, eliminated the effect of TRPML1 on lysosomal trafficking (68) . A genetically encoded PI(3,5)P 2 indicator based on the PI(3,5)P 2 -binding domain of TRPML1 was used to reveal that PI(3,5)P 2 levels increase transiently prior to fusion of two Lamp1-positive vesicles (92) and during phagocytic uptake of large particles (34) . Therefore, under certain physiological conditions, PI(3,5)P 2 may play an instructive role in regulating lysosomal trafficking through TRPML1 activation.
How other trafficking cues regulate TRPML1 is not yet known. However, several synthetic small-molecule compounds were recently identified as PI(3,5)P 2 -independent TRPML agonists (24, 93) . Of them, mucolipin synthetic agonist 1 (ML-SA1) robustly activates TRPML1 at lowmicromolar concentrations with a response comparable to that of PI(3,5)P 2 (24) .
PI(4,5)P 2 and Sphingomyelin Inhibition
Two plasma membrane-localized lipids, PI(4,5)P 2 and sphingomyelin (SM), inhibit I TRPML1 (24, 87) . Conversely, I TRPML1 is potentiated by aSMases and phospholipase C (24, 87) . The inhibition may be a mechanism to prevent lysosomal TRPML1 from being active in nonnative compartments such as the plasma membrane. In addition, SMs accumulate in the lysosomes of aSMase-deficient NPA and NPB cells and cholesterol-accumulated NPC cells (60) . Hence, TRPML1 inhibition may be an underlying pathogenic cause for certain LSDs.
Ca
2+ -Dependent Lysosomal Trafficking: Fusion-Based Input
The permeation and gating properties of TRPML1 suggest that the channel function of TRPML1 is to release Ca 2+ from the LEL lumen in response to various cellular cues (79, 94) , such as an increase in lysosomal PI(3,5)P 2 . TRPML1 may regulate the LE maturation process involving LE-lysosome fusion, as the lysosomal delivery of endocytosed proteins, such as plasma membrane growth factor receptors, is delayed in TRPML1 −/− cells (95, 96 neurons, LC3-positive autophagosomal puncta were elevated (96, 97) , suggestive of increased AP formation and delayed AP-lysosome fusion (96, 97) . Consistently, in trpml −/− fly neurons, AP-lysosome fusion was impaired (98) . As increased AP formation is commonly observed in most LSDs (44) , this process may also be a maladaptation to lysosomal dysfunction and basal TFEB activation in LSDs (6) .
The fusion defects observed in TRPML1 −/− cells, together with the Ca 2+ dependence of LElysosome fusion observed in in vitro vesicle-mixing assays (2), suggest that TRPML1 may mediate lysosomal Ca 2+ release to promote fusion. However, as most cellular assays do not directly measure vesicle fusion, these cellular defects may also be caused indirectly by chronic storage of lysosomal materials or defects in another cellular process such as membrane fission. To maintain lysosomal homeostasis, lysosomal trafficking input and output must be coordinated. An increase in input must accompany a corresponding increase in output. Conversely, defects in output may also slow down the input process. Hence, the observed fusion defects are likely caused by the fission defects, and vice versa. To distinguish these possibilities, it may be necessary to perform super-resolution live imaging to monitor fusion and fission events while acutely activating and inhibiting TRPML1's channel function.
Ca
2+ -Dependent Lysosomal Trafficking: Fission-Based Output
LEL-to-TGN retrograde trafficking is defective in ML-IV cells, as fluorescence-conjugated lactosylceramide, a lipid that is normally localized in the TGN at steady state, accumulates in LELs (99) . This trafficking defect is also observed in other LSDs, including NPC (61), but can be rescued by increasing TRPML1 expression and activity (24), suggesting a direct role of TRPML1 in this specific trafficking step. On the basis of the observation that enlarged ELs accumulate in TRPML −/− C. elegans cells, it was proposed that lysosomal reformation (biogenesis) is defective in these cells (100) . However, as other mechanisms may also account for lysosomal enlargement (see above), it is necessary to test whether acute activation and inhibition trigger and terminate lysosomal reformation, respectively.
Lysosomal Exocytosis
Multiple pieces of evidence suggest that TRPML1 regulates lysosomal exocytosis. First, HEK293 cells transfected with TRPML1
V432P (a gain-of-function mutation) exhibit enhanced lysosomal exocytosis (101) . In contrast, lysosomal exocytosis induced by TFEB overexpression requires TRPML1 (49), and ML-IV fibroblasts exhibit impaired ionomycin-induced lysosomal exocytosis (49, 102) . In primary macrophages, acute ML-SA1 treatment induced Lamp1 surface staining (see Figure 1b) and lysosomal enzyme release (34) . In contrast, ML-SA1-induced lysosomal exocytosis was dramatically attenuated by TRPML1 knockout or BAPTA-AM (34).
TRPML1-mediated lysosomal exocytosis is required for the phagocytic uptake of large particles in macrophages (34) . Macrophages engulf large cellular particles, such as apoptotic cells, by forming pseudopods (103) . Pseudopod formation consumes large amounts of membrane (35) derived from lysosomal membranes (35) . TRPML1 −/− macrophages exhibit uptake defects similar to those of synaptotagmin VII-or VAMP7-deficient macrophages (34) , suggesting a role of TRPML1-mediated lysosomal exocytosis in particle uptake. Consistently, a lysosome-targeted, genetically encoded Ca 2+ sensor, GCaMP3-TRPML1 (24), detects TRPML1-mediated Ca 2+ release specifically at the site of particle uptake (34) . The repair of plasma membrane damage in skeletal muscle and other cell types requires a rapid Ca 2+ increase to trigger the recruitment of intracellular vesicles that fuse with the plasma membrane and replace the disrupted membranes (48, 104) . Both TRPML1 and lysosomal Ca 2+ release are required for this process. TRPML1 knockout mice exhibit muscle repair defects and develop muscular dystrophy (105) . (55) (56) (57) . ML-IV cells contain a large amount of lipofuscin in the lysosome, which can be explained by increased oxidative stress due to lysosomal Fe 2+ overload (38, 39) .
Metal Export
Lysosomal Diseases
More than 20 loss-of-function mutations in TRPML1 cause ML-IV, an LSD manifested by mental retardation, retinal degeneration, and constitutive achlorhydria (27, 80, 81) . As in ML-IV, TRPML1 knockout mice display neurological, gastric, and ophthalmological abnormalities, gradually developing hind-limb paralysis; mice typically die at 8-9 months (67). At the cellular level, dense membranous storage bodies are observed in most TRPML1 −/− cells (67). TRPML1's importance may also be extended to other LSDs, including NPA and NPC (24) , in which TRPML1-mediated lysosomal Ca 2+ release and lysosomal trafficking are partially blocked (24) . Likewise, in PI(3,5)P 2 -deficient cells, TRPML1 activity is also reduced, which may cause lysosomal trafficking defects and storage (88) . Furthermore, lysosomal trafficking is defective in many common neurodegenerative diseases, such as Alzheimer's, Parkinson's, and Huntington's diseases, suggesting a potential involvement of TRPML1. Collectively, TRPML1 channel dysregulation may be a primary pathogenic mechanism that results in secondary lysosomal storage in many lysosomal diseases.
TWO-PORE CHANNELS
TPC proteins form a unique branch of ion channels with a 2 × 6TM structure, which is the transition state between the 6TM channels [such as voltage-gated K + channels (K V s), TRPs, and sperm-specific Ca 2+ channels (CatSpers)] and the 4 × 6TM channels [voltage-gated Ca 2+ channels (Ca V s), voltage-gated Na + channels (Na V s), and nonselective Na + leak channel] (106). The overall sequences of TPCs are similar to those of Ca V s and Na V s (107, 108) . There are three animal TPCs (TPC1-3). TPC3 is found only in some animals, such as cats, dogs, and chickens, but not in humans or mice (107, 109) . TPC1 and TPC2 are widely expressed, with the highest TPC1 expression found in the heart and kidney. Heterologously expressed TPC proteins are localized in lysosomes (TPC1 and TPC2) and endosomes (TPC1) (110) .
TPC Selectivity
Both TPC1 and TPC2 are highly selective for Na + . The apparent P Na /P K estimated with wholelysosomal recordings is ∼80 for TPC1 (64) and ∼30 for TPC2 (23 
TPC Regulation
TPCs are the targets of a converging regulatory network with many physiological inputs from inside and outside the organelles. These inputs include luminal H + , lysosomal ψ, membrane PI(3,5)P 2 , lysosome-attached protein kinases, Mg 2+ ions, cytosolic ATP, and extracellular nutrients such as AAs (see Figure 3) .
Membrane voltage.
When recorded with symmetric ion concentrations in the bath and pipette, TPC2 has a largely linear I-ψ relationship, and the currents rise and fall instantaneously upon voltage changes, without apparent activation and deactivation (23, 29, 64) . These properties of TPC2 are similar to those of the native Na + channel recorded from lysosomes. TPC2-mediated lysosomal Na + conductance is controlled by the availability of organelle PI(3,5)P 2 (23), cytosolic ATP, and extracellular nutrients (111) , which together presumably regulate lysosomal ψ.
TPC1 is voltage activated (64) . At pH lumen 4.6, the channel opens at ψ > 0 mV. Compared with the voltage dependences of the strongly voltage-dependent K V s, TPC1's voltage dependence of activation is much weaker (with a slope factor of ∼20-50 mV versus a few millivolts in K V s) (64) . Like K V s, TPC1 has S1-S4 voltage-sensing domains (VSDs) whose S4s contain charged residues (K/R) in an every-third-residue fashion. Mutating several of the charged residues that are on TPC1 but not on TPC2 rendered TPC1 largely voltage independent, suggesting that the organelles also use the S1-S4 VSDs to sense voltage changes.
Unlike any other voltage-gated Na + channel currently known, TPC1 activates slowly (τ ∼ 100 ms) (64) . At a holding potential of −70 mV, the channel did not inactivate at any of the depolarizing voltages (64) . Upon PI(3,5)P 2 activation, I TPC1 at negative voltages exhibited voltagedependent fast decay presumed to be due to channel inactivation (23) . Because TPC1-encoded Na V makes the organelle excitable (see below), the lack of inactivation and the slow deactivation presumably help sustain depolarization. The slow activation may act similarly to a low-pass filter in preventing noise-induced depolarization, which is especially useful for organelles with high input resistance.
Luminal pH. TPC1 is highly sensitive to pH lumen . A one-unit pH increase from 4.6 to 5.6 shifts TPC1's conductance (G)-ψ relationship toward hyperpolarization by 62 mV (64). For comparison, a pure-H + electrode has a voltage response of 61.5 mV/pH unit at 37 • C. How pH so markedly affects the channel's voltage sensing and/or coupling to channel opening is not known. Because of the channel's high pH sensitivity, a pH increase in the lysosome can also increase the basal Na + conductance, which depolarizes the lysosomal membranes to allow for easier H + entry into the lumen. Thus, a TPC1-mediated pH-ψ feedback loop may help maintain the stability of lysosomal pH. Similarly, the high pH sensitivity of TPC1's activation threshold may help set the resting ψ during maturation of the organelles, a process associated with large pH changes from ∼6.0 to ∼4.5 (18) .
PI(3,5)P 2 .
In vacuolin-1-enlarged lysosomes expressing recombinant TPCs, large currents can be recorded in the presence of exogenously applied di-C8-PI(3,5)P 2 [EC 50 of ∼400 nM for TPC2 (23) and ∼100 nM for TPC1 (64)]. In addition, native I TPC1 recorded from enlarged cardiac myocyte lysosomes has similar PI(3,5)P 2 sensitivity, suggesting that lipid sensitivity does not result from channel overexpression (64). TPC's PI(3,5)P 2 sensitivity is specific, as PI(4,5)P 2 and PI(3,4)P 2 do not activate TPC1 or TPC2 (23, 64) . Unlike the mammalian TPCs, plant TPC1 is a voltage-and Ca 2+ -sensitive, nonselective cation channel but is PI(3,5)P 2 insensitive (112). In mammalian cells, nutrient availability regulates lysosomal PI(3,5)P 2 levels (113). Whether PI(3,5)P 2 regulation of TPCs plays a role in lysosomal nutrient sensing remains to be determined.
Mg
2+ . At a physiological concentration of ∼0.5 mM, Mg 2+ suppresses ∼50% of outward I TPC2 , presumably through a pore-blockade mechanism (78) Cytosolic ATP. Lysosomal ATP-sensitive Na + channels (lysoNa ATP ) have been recorded from several cell types, including macrophages, fibroblasts, hepatocytes, neurons, kidney cells, and cardiac myocytes (29, 64) . In lysosomes isolated from nutrient-replete HEK293 cells transfected with TPC1 or TPC2, both I TPC1 and I TPC2 are inhibited by ATP at an IC 50 of ∼0.1 mM (29) . In addition, lysoNa ATP is absent in tpc knockout lysosomes (29) . These findings suggest that TPCs are the major ATP-sensitive channels in the organelle.
How ATP inhibits TPCs is not well understood. ATP binds and inhibits K ATP (114) . Similar direct inhibition does not explain TPC's ATP sensitivity, as the inhibition is slow (∼1 min) and requires protein kinases (29, 78) . Because ATP sensitivity is preserved in a patch-clamp recording configuration with isolated lysosomes, the kinases must be tightly tethered to the lysosomal surfaces. The best-studied lysosome-attached kinase is mTOR (115) . Indeed, inhibiting mTOR with either small-molecule chemicals or shRNA depletion disrupts TPC's ATP sensitivity. In contrast,
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AMPK, a highly ATP/AMP-sensitive kinase, is not required for the channel's ATP sensitivity (29) . Several other kinases, including p38 and JNK, also inhibit I TPC2 (78) .
The ATP sensitivity of many protein kinases is at approximately micromolar range, too low to be a meaningful sensor for physiological [ATP] , which is in the 1 mM range. Under certain conditions, mTOR's ATP sensitivity is within the millimolar range (116) , making the kinase a feasible ATP sensor for the channel. TPC proteins associate with mTOR in coimmunoprecipitation assays. In addition, mTOR's kinase activity is required for the channel's ATP activity, as a kinase-dead mTOR mutant is unable to support this sensitivity (29) . However, there is no evidence that TPC protein phosphorylation by mTOR is responsible for the ATP inhibition. The direct kinase target important for TPC may be an as-yet-unidentified TPC-associated subunit.
Extracellular nutrients. TPCs are also highly sensitive to the availability of extracellular nutrients. Glucose can directly control I TPC through ATP generation by glycolysis. In contrast, extracellular AAs indirectly regulate I TPC by controlling TPC's ATP sensitivity and PI(3,5)P 2 availability. On lysosomes isolated from cells starved for AAs for 60 min, TPC is little inhibited by ATP, and such ATP sensitivity is quickly restored upon AA refeeding (29) . Thus, either [ATP] drop or insufficiency in extracellular AAs leads to TPC opening. Whether TPCs are also sensitive to other nutrients such as circulating fatty acids remains to be determined.
Extracellular AAs control TPC's ATP sensitivity through an mTOR-based mechanism (29) . In AA-fed cells, mTORC1 (mTOR complex 1) is recruited by the Ragulator-Rag GTPase complex to the lysosomal surface, where the kinase is activated by Rheb (a Ras-related GTP-binding protein) (66, 117) . Upon AA starvation, Rag GTPases loosen the mTOR-lysosome association and recruit TSC2 (tuberous sclerosis complex 2, a GTPase-activating protein) onto the lysosome to inactivate Rheb (65) . Transfecting RagB GTP , a GTP-bound Rag mutant that keeps mTOR on the lysosome, renders TPC inhibited by ATP even during cell starvation. Conversely, RagB GDP , a GDP-bound Rag mutant that prevents mTOR from being recruited to the lysosomal surfaces, makes the channel insensitive to ATP in AA-fed cells. Rheb and TSC2 also receive inputs from many other physiological and pathophysiological stimuli such as growth factor stimulation, inflammation, and hypoxia. The mTOR network is extensively linked to many signaling pathways and diseases such as diabetes, cancer, neurodegeneration, and autism (115) . It will be interesting to test whether these pathways and diseases also regulate TPCs to influence lysosomal function, which is implicated in some pathological conditions. NAADP. TPCs were first functionally characterized as candidates for NAADP-activated Ca 2+ -release channels (110) . TPC proteins reconstituted in lipid bilayers led to NAADP-activated Ca 2+ -or Ba 2+ -permeable single-channel activities (118) . Under whole-organelle recordings with TPC2-expressing LELs, NAADP also activated a Ca 2+ current in one study (76) and a small Na + current (∼4% of the maximum in the absence of Mg 2+ ) in another (78) . In several other studies with physiological concentrations of Mg 2+ in the whole-lysosomal recording solution, no NAADP activation was observed (23, 29, 64) . Reconciling the apparent discrepancies in the channel activation and ion selectivity is difficult at present (119) . Photoaffinity labeling suggests that NAADP binds to proteins much smaller than TPCs (120) . Therefore, a yet-to-be-isolated subunit harboring the NAADP-binding site may be required for robust channel activation.
TPCs' Cellular and Organismal Functions
TPCs' in vivo functions have been studied by using knockout mice. TPCs are not required for the animals' viability under lab conditions, as mice with both tpc1 and tpc2 knocked out are fertile and appear normal. The channels' function becomes more pronounced under stress conditions such as decreased availability of ATP and nutrients. Activation of TPCs helps to set lysosomal ψ, to ensure lumen pH stability, to facilitate AA efflux from the lysosome, to provide circulating AAs for energy generation, and to enhance animal's physical endurance during food restriction.
Membrane potential regulation. Due to TPCs' dominant contribution to Na + conductances, a major cellular function of the channel may be to set ψ, which in turn controls many other responses. Conditions that lead to TPC opening drastically increase P Na /P K by ∼30-fold and depolarize ψ by ∼70 mV (64) . In addition, as TPCs are the major lysosomal ATP-sensitive ion channels and others, such as the K + channel, appear to be ATP insensitive (64; C. Cang & D. Ren, unpublished data), decreases in [ATP] cyt lead to organelle depolarization in wild-type lysosomes, but not in tpc knockout lysosomes (29) .
Organelle excitability. LELs are electrically excitable. In a subset of LELs, a brief (200-ms) depolarization stimulus leads to a TPC1-dependent, long-lasting depolarization spike, resulting in ψ bistability. The function of the apparent organelle bistability is totally unknown. On the plasma membrane, Na V -mediated depolarization activates Ca 2+ influx through Ca V s. Whether Ca V s are also functional on LEL membranes is unknown. Similarly, it is not clear whether there is a feedback loop between ψ and chemical messages to generate an oscillating signaling network, similar to the excitable electrical-chemical behavior of mitochondria (121) .
Lysosomal pH. For efficient acidification of lysosomes by the V-ATPase, Cl
− , Na + , and K + are believed to provide counterions by anion influx and/or cation efflux (16, 17) . In nutrient-replete tpc knockout macrophages, lysosomes are only slightly alkalinized by ∼0.1 pH units compared with the wild-type pH. That TPC mutation does not have a major impact on pH is consistent with the idea that TPC activity is minimal at resting in nutrient-replete cells. The large basal K + conductance presumably provides the countercation (64) . Upon nutrient starvation, however, tpc knockout lysosomes are markedly alkalinized by ∼0.6 pH units, whereas wild-type pH is relatively stable (29) . The contribution of TPCs to pH stability is due to the fact that channel opening leads to organelle depolarization (a less positive luminal voltage), a condition more favorable for the V-ATPase H + pump.
Amino acid efflux.
A somewhat unexpected role of TPC is in lysosomal AA efflux. In lysosomes loaded with radiolabeled lysine, the AA efflux rate in the knockout is significantly lower than that in the wild type when [ATP] is lowered to 0.1 mM (29) . Conversely, overexpressing TPC increases the efflux rate (C. Cang & D. Ren, unpublished data). How TPC opening speeds up the efflux rate is unknown and cannot be explained simply by membrane depolarization, which actually decreases the efflux driving force for the positively charged AA. Some of the transporters may also be regulated by ψ (19) , which is controlled by TPC-mediated Na + conductances.
Other cellular functions. Overexpression, knockdown, or knockout experiments have revealed that TPCs are important for autophagy, neuronal differentiation, osteoclastogenesis, T cell killing, receptor-stimulated smooth muscle contraction, cholesterol processing in hepatocytes, and the acrosome reaction in sperm (122) (123) (124) (125) (126) (127) (128) .
Function at the whole-organism level. No severe human disease has been found to be caused by TPC mutations. TPC2 variation is associated with pigmentation determination, suggesting that TPCs may function in the lysosome-related organelle melanosome (129 conditions, well-fed tpc1/tpc2 double-knockout mice with a mixed background are viable, fertile, and without obvious gross abnormality. Under fasting conditions, however, the mutant mice have severely reduced physical endurance. During fasting, the levels of several AAs in the circulation increase in the wild type, an adaptive process presumably involving the generation of AAs and their export by lysosomes. Such an increase is absent in the knockout mice. These findings suggest that under normal conditions, when animals are supplied with sufficient nutrients, TPC's role is less significant because ATP suppresses the channel. Under environmental and cellular stress, TPC activity increases, and the channel's function becomes apparent. Intriguingly, plant TPC1's functional importance becomes apparent only when the organism is under stress challenge, such as exposure to excessive salt and wounding (130, 131) . Hence TPCs may have evolved to expand adaptive responses to stress.
TARGETING LYSOSOMAL CHANNELS TO TREAT LYSOSOMAL STORAGE DISEASES?
Mutations in hydrolases or exporters cause lysosomal storage, which in turn affects lysosomal degradation and trafficking to cause secondary storage, resulting in a vicious cycle. As TRPML1 is a central regulator of lysosomal trafficking, deinhibition of TRPML1 may break this vicious cycle. Indeed, TRPML1 overexpression and small-molecule TRPML1 agonists can increase cholesterol clearance in NPC cells (24) . Additionally, TRPML1 activation may boost phagocytic clearance of apoptotic debris in the brain (34, 132) . Hence, manipulating the expression and activity of TRPML1 and other lysosomal channels may provide an exciting opportunity to clear lysosomal storage in NPC cells. As lysosomal trafficking defects are commonly seen in LSDs (61), this approach could potentially provide a novel therapeutic approach for many other LSDs. If increasing TRPML1 expression or activity promotes cellular clearance, cellular conditions or manipulations that boost TRPML1 expression or activity may also enhance lysosomal function. TFEB is a master regulator of lysosomal biogenesis and autophagy (6, 9, 82) . When autophagy is triggered or when lysosomes are under stress conditions, TFEB proteins translocate from the cytoplasm to the nucleus, thereby inducing the expression of hundreds of autophagy-and lysosome-related genes (9, 82) . In multiple sulfatase deficiency and mucopolysaccharidosis-III, two glycosaminoglycan (GAG)-storage LSDs, TFEB overexpression was sufficient to reduce lysosomal GAG accumulation (49) . Similarly, cellular clearance was observed in the mouse models of Batten, neuronal ceroid lipofuscinoses, and Pompe's diseases (49, 133) . Strikingly, the beneficial effects of TFEB on various LSDs depend on TRPML1 and lysosomal exocytosis (49, 133) . Because TRPML1 is upregulated by TFEB overexpression (49, 134) , the TFEB-TRPML1 interaction may play a pivotal role in promoting lysosomal exocytosis for cellular clearance.
CONCLUSION
The lysosome is a highly dynamic organelle that integrates multiple metabolic pathways to maintain cellular homeostasis and to regulate basic cellular functions, including cell growth and death. Lysosomal ion channels and transporters play a central role in lysosomal degradation, trafficking, catabolite export, nutrient sensing, and homeostasis. However, the molecular identities of most lysosomal channels are unknown. In addition, the regulation of lysosomal channels by environment factors and cellular cues is largely unexplored. High-resolution live-cell imaging will be necessary to detect lysosomal dynamics under various physiological conditions and upon acute manipulation of the activity of lysosomal channels. We hope that enhancing lysosomal trafficking may alleviate the pathological symptoms in most LSDs regardless of the primary deficiency. Whether lysosomal channels can be common targets for the treatment of many LSDs awaits deeper understanding.
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